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An attempt was made to develop solid lubricants needed for the application of rolling 
ceramic bearings under high temperature conditions above 500^ C. Solid lubricant 
coatings were applied to heat resistant alloy surfaces by combining calcium fluoride 
(CaF,), barium fluoride (BaFj), silver (Ag), chromium oxide (CrjOj), and bismuth oxide 
(BiiOj) and using the vacuum plasma spraying method. The friction characteristics of the 
resulting coatings were determined by performing high temperature reciprocating 
friction and wear tests, in which the friction coefficient m was measured over a wide 
temperature range from room temperature to 900°C. The best friction characteristics 
were found in the case of CaFj + BaFj + CrjOa coatings, the friction coefficient being 
ft - 0.2-0.3 over a wide temperature range (300 to 900^C). A small friction coefficient 
hi this case was attributed to the simultaneous presence of CaF} and BaCr04 that was 
formed during an increase in tonperature. In addition, the lubricating property of 
coatings at SOO'^C vras evaluated by evaluation tests of retainer material simulating a 
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bearing. The friction coefficient of CaF, + BaF, + Cr,0, coatings was found to be 0.1 
and friction characteristics and the adhesive property of surfaces were excellent. Their 
practical realization can be expected. 



1. INTRODUCTION 

The heat resistance, wear resistance, and resistance to corrosion of rolling ceramic bearings are 
exceptionally better than bearings made from steel and their application under specific conditions can 
be expected. In this work, application under high temperanire conditions was examined and problems 
related to the lubricating method and ^propriate lubricants were studied. 

When using solid lubricants, lubricating techniques such as the method of direct-contaa surface 
improvement of rollmg contaa surfaces (the surface improvement method) [1], the method of 
supplymg lubricant from the retainer by adhesion (adhesive method) [2,3], and the method of forced 
supply of a lubricant ftom outside the bearing (method of forced supply) [4,5] are used. 

On the other hand, ^plications under ten^wranire conditions above SOOX are possible only by 
usmg solid lubricants where, in general, hexagonal boron nitride is used. However, studies on other 
lubricants, such as BijO, [6]. CrA [6,7], CaF, + BaF, [8], CaF, + BaFj + Ag [9], and 
Na+2+Zr03 + CrA [10], have been carried out. These are also used as solid lubricants for the 
retamer of the rolling bearing but their adhesive property and wear behavior (wear resistance) have 
not been practically evaluated. 

In these studies, solid lubricants for rolling ceramic bearings capable of operating efficienUy bodi 
under high temperature conditions and in air were developed to be applied using the adhesive method. 
-It was expected diat the application of these lubricants would prolong the lifetime of hearings without 
any modification of their structure. In this work, the results obtained by the formation of a coating of 
these solid lubricants and the evaluation of their lubricating properties (friction characteristics , wear 
behaviors, and adhesive properties) are presented. These results indicate that lubricating propenies of 
developed lubncants are much better than those of any high-temperature solid lubricants that have been 
used until now. 

These studies were carried out as a joint effort of the Institute of Technology and the Society of 
Mediamcs {Company) as "Smdies on Advanced Surfece Modification Tedmology." 

2. THE METHOD OF APPLYING SOLID LUBRICANT COATING AND THE METHOD OF 
EVALUATION 

2.1. Solid lubricant application method 

Five kinds of powders were chosen as solid lubricants. These were calcium fluoride (CaFO 
banuin fluonde (BaF,). sUver (Ag). chromium oxide (Cr^Oj), and bismuth oxide (Bi,0,). Then, since 
It was impossible to form a solid lubricant coating (referred to as a coating below) by using only a solid 
lubncant powder, a powder of heat-resistant Ni alloy (Ni-23.2 Co-17.0 Cr.12.5 Al-0.5 Y) was used 
as a bmder. Hat test specimens were prepared from Ni-Cr alloy (InconeF 713 C)."die dimensions of 
test specimens being 70 mm x 17 mm x 14 mm. 

The powder used for the coating was prepared as follows. First, solid lubricant powders were 
mixed m the proportions shown in Table 1. Then, the binder was added in an amount to make its 
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Table 1 

Mixture ratio of solid lubricant during plication of solid 
lubricant coatings. 



Symbol of solid lubricant coiting 


Mixmre niio of solid tubricam, mass % 


CB 

CBA 

CBCr 

Cr 

BCr 

Bi 

CBCrAl^^^'^^^ 
^*^^^lCBCrA/4 

CBCrBi 


40CaFi+60BaF2 
20CaF2+30BaFi+50Ag ^ 
20CaF2+30BaF2+50CrA 
100 CriOj 
SOBaFs+SOCrjOi 
100 BisOs 

13CaFj+20BaF2+33Cr2Oi+33Ag -V 
15CaFj+23BaFi+38Cr20i+25 Ag V 
13 CaFj-r20 BaF2+34 CriOi+33 Bi20i 


Table 2 



Vacuum plasma spraying conditions. 



Process 


Plasma gas, MPa 


Current, A 


Environmental 


Carrier gas, MPa 


Ar 


He 


pressure, kPa 




Sputter cleaning 1 






600 






Preliminary 
heating 


0.69 
(100) 


0.69 
(100) 


700 


2.66 




Sputter cleaning 2 






800 






Spraying 


0.34 
(50) 


1.03 
(150) 


800 


6.65 


0.20 
(30) 



Note: Inside ( ) value in psi units. 

Distance between spraying gun and test specimen: 250 nun. Plasma discharge 
voltage: DC 40 V constantly. 

proportion 80 vol% . (Since the volume proportion of the binder strongly influences the powder supply 
during the formation of the coating by spraying, the adherence of the coating to the flat test specimen, 
and the coating strength, it was added to a constant vol % • However since the powder supply was rather 
poor in the case of applying Cr coatings, the level of the volumetric content of the binder was raised 
to 90 vol%). Conditions for which the formation of coatings from these powders are accomplished are 
given in Table 2. In this case, coatings of 0.4-1 ,0 mm in thickness were formed on flat test specimens 
of 70 mm by 17 mm by using the vacuum plasma spraying method. In the discussion below, the 
coating symbols shown in Table 1 are used for identification, 

2.2, Method of solid lubricant coating evaluation 

To evaluate friction properties of coatings, high-temperature reciprocating friction and wear tests 
and retainer material evaluation tests were performed. 
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Table 3 

Conditions of high-temperature reciprocating friction and wear test. 



Item 




Load 

Reciprocation speed 
Speed of sliding 
Tempenture 

Counterpart material 


9,8K 

7.5 ftciprocadon/min 
1.75mm/s (Average) 

Room temperature lOO'C 900'C (or 1000*C) 

lOO'C room tcii^wramrc (interval lOO'C) 
Sphere of silicon nitride 5/16' 



To evali^e friction characteristics over a wide temperature range, the high-temDeramre 
^!^2J^TJ^ f^^J shownTpig. 1 was'u^ed. T^'^S^ 

^TZ 1^1 ^''^ "^'^^ ^ ^"^^i »o ^ ^^^B thickness of 0.3^ 

mm and togeAer with counteipan spheres of sUicon nitride they were degreas«l and cleaned before 

each temperamre level bemg maintained for 5 min for measurements. a«,p. 



Direa r 
U 




High frequency inductioo coil 

A 



ihere of sUicon nitride 
Test'spedmeo coated with 
)tid lubricam film 



Copper pipe for 
^ cooling water 




recorder 
Temperature transducer 



Fig. 1 

Schematic diagram of high-temperature reciprocating 
friction and wear testing machine. 
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Retainer loading weight 
Direa romion bciring 



Retainer mucrial (est specimen 



:iiq>erature 
iitions are 
ofO.3-0.4 
led before 
tuie drop, 




Loading lever 



Raceway loading weight 
(a) Sdiematic diagram of tester 




Retainer material test specimen Upper test specimen (rolling body) Lower test specimen (raceway) 

(b) Shapes of test specimens 

Fig. 2 

Schematic diagram of tester for evaluation of retainer material. 



When evaluating lubricating properties (friction charaaeristics , wear behaviors, and adhesive 
properties) of coatings at a constant temperature , a tester allowing evaluation of the simulated retainer 
material [12] at the contact state of a rolling bearing, as shown in Fig. 2 (sliding contact between 
retainer and rolling body and rolling contact between rolling body and raceway) was used. Tests were 
run as follows: after the running-in of the retainer material test specimen against the lower test 
specimen, corresponding to a rolling body for 10 min, the upper test specimen and the lower test 
specimen corresponding to the raceway were brought into contact and tested. Test conditions are given 
in Table 4. During the tests, the friction between the retainer material test specimen and the upper test 
specimen was measured for evaluation of friction characteristics of coatings. Also, the vibration 
acceleration at the axis of rotation of the lower test specimen was observed in order to evaluate the 
state of adhesion. 
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Table 4 

Conditions for evaluation testing of retainer material. 



Item 


Condidons 


Material of upper and lower test specimens 
Number of revolutions of upper and lower test specimens 
Speed of sliding of retainer material test specimen and 
upper test specimen 

Load / 5^^' 

I Bearing load 

Temperature 

Environmental atmosphere 


Silicon nitride 
1000 ipm 

2.2 m/s 
20 N 
200 N 
800X 

Atmosphere | 



3. RESULTS OBTAINED BY fflGH-TEMPERATURE RECIPROCATING TESTING FOR 
FRICTION AND WEAR 

3,1. Friction characteristics of solid lubricant coatings 

Friction characteristics of CB coatings were evaluated with the purpose verifying the studies of 
Sliney [8], The results obtained are shown in Fig. 3. It is evident from the figure that the friction i 
coefficient is large in a wide temperature range (from room tenqwratuie to 900'Q. Therefore, the ! 
authors made an attempt to reduce the friaion coefficient by adding other solid lubricants to the CB 
coating base and by changing component proponions. ^ 

When conq)aring results obtained on CBA coatings consisting of a CB coating into which Ag was 
added with those obtained on CB coatings, a slight reduction of the friction coefficient was found in ^ 
the temperature range below 500^C and an increase of the friction coefficient was observed in the ^ 
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Fig. 3 

Friction characteristics of CB solid 
lubricant coating. 
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Fig. 4 

Friction characteristics of CBCr solid 
lubricant coating. 
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temperature region above 700^C. The ftiction coefficient in this case was higher than that of the CBA 
coating of Sliney [9], which it could have been formed under di£ferent conditions. The reason for an 
increase of the friction coefficient in the high temperature region in the present case of CB coating was 
attributed to the oxidation of Ag. 

nfhen an attempt was made to add Cr203 to CB. Prior adding tests on Cr coatings containing 
CriOj only (binder content 90 vol%) were performed. It was found that /i = 0.3-0.5 and friction 
characteristics were as good as those reported until now [6,7], In the case of CBCr coatings in which 
CrjOj was added, a reduction of the friction coefficient was observed during a tenq)erature rise to 
above 500**C; during a temperature drop from 900**C, the friction coefficient was as low as less than 
0.3 and was stable (see Fig. 4). An improvement of friction characteristics of CB coating was 
garticularly noticeable in the temperanire region beyond 600**C. 

With the purpose of improving the friction characteristics of CBCr coatings in the temperature 
I region under 300 **C (temperature rise to above 500 **C), Ag was added to CBCr coatings, thus forming 
a CBCr A coating. Friction characteristics were determined in the case of the CBCr A/3 coating, the 
Ag content of which was 1/3 of the total weight of the solid lubricant components, and also in the case 
of CBCr A/4, in which it amounted to 1/4. The results showed a decrease of the friction coefficient in 
the temperature range below 300 **C with the addition of Ag and an increase of the friction coefficient 
in the tenq)eramre region above 600°C. This tendency grew more noticeable with an increasing Ag 
content. The effect of the addition of Ag was similar to that when Ag was added to the CB coating and 
it was found that these combinations could not be utilized as solid lubricants in the temperature region 
of above 500**C, which was the target temperature range in these studies. 

^ It has been reported [6] that BijOj showed good friction characteristics under high temperature 
conditions. To verify these results, tests on Bi coatings containing Bi203 alone were performed. The 
results showed that in the temperature range below 500*'C, the friction coefficient was comparatively 
large and it grew small in the temperature region of above 700**C. In particular, at 1000**C, the 
friction coefficient was |i = 0. 18. Therefore, an attempt to add BijOj was made to reduce the friction 
coefficient of CBCr coating in the high temperature region. However, the friction coefficient of 
CBCrBi coating^was rather targe withinthe-entire temperature re gion audit showed irrcproducible and 
unstable behavior. It was established that the addition of BijOj had no effect. 

However, results obtained by evaluating friction characteristics using this test method are 
distinguished by a large friction coefficient in the low temperature range and a low friction coefficient 
in the high temperature range during a temperature rise and a temperature drop (see Figs, 3 and 4). 
The reason for this behavior is the fact that when approaching the melting point, solid lubricants 
soften, which results in a reduction of the friction coefficient. 



1000 



3.2. Reproducibility of friction characteristics in CBCr coatings 

To verify the reproducibility of the friction behavior of CBCr coatings that showed most 
favorable friction characteristics, tests were performed by using a high-temperature reciprocating 
friction and wear testing machine. Friction tests during a temperature rise and during a temperature 
drop will be called the temperature cycle. The temperature cycle that was performed until the 
formation of friction traces on two different sites of one test specimen was repeated twice in succe3sion 
on another similar test specimen until the formation of similar friction traces. Also, in this case, the 
friction coefficient decreased when temperature rose above 500'C and decreased when temperature 
dropped below 400**C. Also, in each case, the friction coefficient was small and stable at each level. 
It follows from the above results that CBCr coatings are stable and offer good reproducibility. 



olid 
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3.3. Lubricating mechanisms of the coatings under consideration 



In the case of CBCr coatings, different phenom ena that appear in the friction coefficienr hehavmr 
during a temperature nse and a temperan iffi_dropJiuhe_teaBetature_ran ge 200-600'C ( cdled 
^^teTKis^henomraa^el^ more conspicuous than in other solid lubricant coatings. These 
phenomena are thought to be related to mechanisms of lubrication by CBCr coatings. Therefore, at 
each temperature level (room temperature 400'C 500'C •♦ 600'C TOO'C 900°C 4O0''C 
- room tenq)erature). X-ray diffraction analysis was performed on test specimens with CBCr coatings 
that had been tested on the high-tenq)eranire reciprocating friction and wear testing machine only once. 
BaFj and CrjOj, the formation of which during the coating formation was verified, were not observed 
ai each tenq)erature level but the formation of a new conqwund of barium chromate (BaCiO,) was 
established. Typical diffraction patterns and test results are shown in Fig. 5. It was also established 
that the crystalline state of BaCrO^ was that of the riiombic crystal system. Gr^hite and molybdenum 
disulfide are known as typical solid lubricants that are laminated conqwunds having cleavage planes. 
Most compounds of this kind are hexagonal crystal systems of rhombic crystal stnicnire [13]. 
ConsequenUy, it can be suggested that BaCrO, is a laminated compound with cleavage planes. 

It was supposed that the presence of BaCr04 contributed to better friction characteristics even in 
the absence of CaFj; therefore, the evaluation of the friction behavior of BCr coating was done by 
performing high-tenq)eramre reciprocating tests for friction and wear. However. X-ray diflfraction 
analysis showed that the friction coefficient was as smaU as anticipated in a range of /x = 0.3-0.7, 
irrespective of whether BaCrO* was observed in coatings after testing for friction and wear or not. It 
was also found that the presence of BaCrO« did not always mean good friction characteristics; however 
CaFj played an important role. In the case of the CaFj + BaFj type solid lubricant of Sliney, who was 
a pioneer m this field^^mdies were repeatedly performed by considering CaFj as a compound with 
^^a^^eplanes-fi^iThese facts and the test results obtained in these studies allow the conclusion that 
W / CBCr coatings show exceUent friction characteristics because of die presence of CaF, and BaCrO«, 

-which have cleavage planes. _ ._ _ 

1 However, despite the formation of BaCr04 hysteresis, phenomena appearing during the second 
V^ermal cycle were similar to those spearing in die first diermal cycle. This is explained as follows. 




j Confonn to peak of BaCiO. 

Observed peak / : 



PcakofBaCrO, 

(b) Reference results for observed peak and BaCrO, peak 

Fig. 5 

Results obtained by X-ray diffraction analysis of CBCr solid lubricant 
coating that confirm formation of BaCr04. 
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At temperatures above 600**C, BaCr04 is formed from BaFj and Cr203 by supplying oxygen from the 
atmosphere. BaCr04 formed in this way, together with CaFj, promotes good ftiaion characteristics 
during a temperature drop to about 300**C, but at temperatures below 300**C, the friction coeflScient 
increases and wear proceeds due to a reduction of BaCi04 formed on the sliding surface through wear. 
Therefore, hysteresis phenomena spearing during the second thermal cycle are similar to those 
appearing during the first thermal cycle. 

3.4. Results obtained by retainer material evaluating tests 

Evaluation of the lubricating property by using the retainer material evaluation tester was 
accomplished on four test specimens: a test specimen with CBCr coating that had shown the best 
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Motion characteristics in high-temperature reciprocating friction and wear tests on different coatings, 
a test specimen with CB coating, a test specimen with Cr coating, and a non-treated flat test specimen, 
the latter three latter specimens being used for the sake of conq)arison. Tests were performed for 1-3 
hours using the procedure described above. In the process of testing, the friction coeflBcient and the 
vibration acceleration were recorded. The results are shown in Figs. 6 and 7. 

The friction coefficient for CBCr coating is likely to reduce somewhat with time and become as 
small as 0.1. In the cases when Cr coating and CB coating were used, the friction coeflScient was 
larger than that for non-treated lest specimen, which was 0.3 or comparable . The friction coeflScient 
of less than that of about 0.25 observed at 800**C during the high-temperature reciprocating test for 
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Adhesion state of CBCr solid lubricant at 
friction traces on lower test specimen. 
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friction and wear was explained by a higher speed of sliding; 70 CrjCj + 15 Ag + 15 CaFj/BaFj 
(mass%) type solid lubricant developed by Sliney from NASA [9] showed the speed of sliding to be 
2.7 m/s and the friction coefficient to be about 800**C, amounting to ^ = 0.3; however the CBCr 
coating formed in these studies showed higher friction characteristics . 

On the other hand, the vibration on CBCr coating was minimal compared to that of the non- 
treated test specimen; the vibration on CB and Cr was larger than that on the former test specimens. 
Considering the amplitude of variation of the friction coefficient to be smaller than that of the non- 
treated test specimen, it was suggested that CBCr coating evenly adhered to the lower test specimen 
through the upper test specimen made from silicon nitride. 

To verify this adhesion ability, the adhesion stale of the lower test specimen was observed. The 
results obtained by measurements of the shape in the axial direction of the lower test specimen are 
shown in Fig. 8. When the lower test specimen was used in combination with the non-treated test 
specimen, an intensive adhesion was found in the region adjacent to the center of the contact zone. In 
the case of contact with CB coating, the adhesion was insignificant and traces of irregular adhesion and 
wear were observed. On the other hand, when sliding against CBCr coating, the formation of a thin 
uniform adhesion layer was clearly observed. In the case of combining with CB coating, wear on the 
lower test specimen amounted to about 0.5 ^m but when sliding against other test specimens only the 
presence of the adhesion layer was foJhd and no wear was observed. 

Figure 9 shows the results obtained by examination using EPM A linear analysis of the state of 
adhesion in the contact zone of the lower test specimen, which was different from that used for testing 
CBCr coaling shown in Fig. 8. As is evident from the figure, in the region in which the adhesion is 
observed, the almost uniform distribution of elements Cr. O. Ca, and Ba. which compose the strucmre 
of the solid lubricant, is found. This means that the formation of the adhesion layer proceeds rather 
effectively. 

The wear resistant property, which is one of the lubricating characteristics . was estimated from 
the wear rate on the coatings. When sliding against the CBCr coaling, the wear rate on the region with 
wear traces on the non-treated. test specimen was SO./im in each case.. However, since the test time for 
the non-treated test specimen did not exceed 1/3 of that for CBCr coating, it was concluded that the 
wear resistance of CBCr coating was much better. 

When comparing the cross-sectional structure of CBCr coating with that of the non-treated test 
specimen, the porosity was observed (see Fig. 10). Irrespective of the high wear resistance, this 
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Fig. 10 

Cross-sectional structure of CBCr solid lubricant coating 
(photograph by optical microscopy). 
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porosity in combination with the friction property and the adhesion property, promotes the maintenance 
of good lubrication conditions. 

It follows from the above results that excellent lubricating properties of CBCr coating are 
provided by the superposition of the friction property, the adhesion property, and the wear resistance. 

4. CONCLUSION 

The lubrication method and lubricants used for rolling ceramic bearings under temperature 
conditions exceedmg 500°C present serious problems for study. In this work, assuming the application 
of the adhesive lubncation method, powders of calcium fluoride (CaFj). barium fluoride (BaF,). silver 
(Ag). chromium oxide (CrjOj). and bismuth oxide (Bi.Oj) were used in combination to form solid 
lubncant coatings by the vacuum plasma spraying method and friction characteristics of resulted 
coatmgs were determined. The following results were obtained in these studies. 

(1) When evaluating by the high-temperature reciprocating friction and wear test method. CaFj 
+ BaFj + CrjOj coatmgs showed excellent friction characteristics, the friction coeflScient being u = 
0.2-0.3 in a wide temperature range (from 300 to POO'C). 

(2) When testing CaFj + BaFj + Cr,03 coatings by the retainer material evaluation method with 
the speed of sliding being 2.2*m/s and at 800«C. a friction coefficient of ^ = 0.1 was established 
Also, the observation and analysis of the surface of test specimens showed the formation of a thin 
uniform adhesive layer, which indicated at good adhesive property of the coatings under consideration. 
Wear on test specimens was not observed and the wear rate of coatings was rather low. 

(3) Friction characteristics of CaFj + BaFj coatings were improved when Ag and Bi,0, were 
added. 

It follows from the above that CaFj + BaF^ + Cr^Oj solid lubricant coatings offer excellem 
lubricating properties and their application to high-temperature self-lubricating retainers of rolling 
ceramic bearings can be expected. 

Finally, the authors express their gratitude to Mr. Kazunori Umeda. the head of the research 
group of .the Institute of Technology. Mr. Hirobuni Kojimai. the head of the research group Mr 
Hiroshi Kashimura from the NTN Co.. Mr. Makoto Takamori from the Kawasaki Heavy Industries 
Co. Mr. Eiji Hirai from the Nippon Bakkara Itching Co. and Mr. Hiromi Sugi from the Nippon Seiko 
Co. for their assistance during the performance of these studies. 
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In the former report the lubrication characteristics of a CaFj+BaFj+CrjOj system solid 
lubricant in a high temperature atmosphere in air were reported. In this report an 
evaluation of this solid lubricant was carried out concerning the lubrication 
characteristics when the percentages of the mix of the solid lubricant and binder, as well 
as, the percentages of the mix of the constituents of the solid lubricant (CaFj+BaFj and 
CrjOj) were changed. As a result it became clear that the most superior lubrication 
characteristics were shown when the percentages of the mix of the constituents of the 
solid lubricant CaFj+BaFj and CrjOj are 50:50 (mass %). Further, from the result of 
high temperature X-ray diffraction, that BaCr04 is formed in the coat of solid lubricant 
and that excellent friction characteristics are shown in the temperature range from 700 C 
to IjOOO^C, due to coexistence with CaFj, was conflrmed, following the previous report. 
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1. INTRODUCTION 

In the previous repon [1] the lubrication characteristics (friction, abrasion, and transfer 
characteristics) of various solid lubricant coalings, formed by the reduced pressure plasma flame 
coating method (with the objective of putting ceramic rolling bearings to practical use in a high 
temperanire atmosphere that exceeds 5(WC in air), were evaluated, studied, and reponed. 

The authors have attempted to develop a better solid lubricant by changing the composition 
percentages of the solid lubricant components and the mix percentages of the solid lubricant and 
binder, with reference to the CaF, + BaF, + Cr.Oj system solid lubricant coating that showed 
excellent lubricant characteristics in the previous repon. 

This essay discusses trial manufactured solid lubricant coatings; the results of an evaluation of 
the friction characteristics, abrasion characteristics, and transfer characteristics by means of cage 
material testing and an evaluation machine that imitates the contact siams of rolling bearings are 
related. The results are also reported on an evaluation of the friction characteristics in the high 
temperature range, from room temperature up to 900°C, by means of a high temperature reciprocating 
friction abrasion testing machine. 

2. EXPERIMENTAL METHOD 

2.1. Solid lubricant coating formation method 

Table 1 shows the composition of the solid lubricant coatings that were submitted for testing. 
Powders of three types, CaF., BaF., and Cr.Oj, were used as solid lubricants. The basic material of 
the test pieces that formed the solid lubricant coating were made of Ni-Cr alloy (Inconel' 713 C), as 
in the previous repon, and the shape of the test pieces was 70 L x 17 W x 14 H (mm). Funhermore, 
since the solid lubricant by itself will not adhere to the test piece, an Ni group alloy (Ni-23.2 Co-I7.0 
Cr-12.5 A1-0.5Y) powder was used as a binder. The formation of the solid lubricant coating was 
carried out by the same method as in the previous repon. 

2.2. Observation, analysis, and the cage material evaluation test 

The friction characteristics, abrasion characteristics, and transfer characteristics, when the solid 
lubricant coating was applied to the rolling bearings, were evaluated under test conditions used by the 
cage material evaluation and testing machine of the previous repon, as shown in Table 2. 

In order to clarify the causes of differences in the friction, abrasion, and transfer characteristics 
of the solid lubricant coatings that were subjected to the cage material evaluation test, the rolling 
contact ponion of the lower pan of the test piece was observed and analyzed by means of a scanning 
electron microscope (SEM) and an X-ray microanalyzer (EPMA) after the cage material evaluation 
test. 

2.3. High temperature reciprocating friction abrasion test and analysis 

The friction characteristics in the wide temperature range (room temperamre-9(X)*'C) of the solid 
lubricant coatings were evaluated using the high temperamre reciprocating friction abrasion testing 
machine of the previous repon. 

The test was conducted under the same conditions as in the previous repon. Measurement of the 
coefficient of friction was carried out at each temperature ( 1 00 ** C intervals) , when the temperamre was 
rising and falling, after the coefficient of friction had stabilized. 
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Table 1 

Composition of solid lubricant coating. 



. Test piece No. 


Blend ratio of the components 
of the solid lubricant, mass % 
CaF, + BaF,: CnOj 


Mix ratio of the solid lubricant 
and the binder, vol % 
Solid lubricant : binder 


1 


50:50 


10:90 


2 


50:50 


20:80 


3 


50:50 


30:70 


4 


50:50 


40:60 


5 


40:60 


20:80 


6 


60:40 


20:80 



Binder: Ni-23.2 Co-I7.0 Cr-12.5 A1-0.5Y 
Table 2 

Cage material evaluation test conditions. 



Classification 


Content 


Rotadng speed 


1000 rpm (sliding speed of the rolling elements and the 
cage material test piece = 2.2 m/s) 


Set temperamre 


800 *C temperamre of the atmosphere inside die furnace 


Load 


Cage material test piece • roiling element: 4.9 N 
Rolling element • bearing ring: 200 N 


Atmosphere 


Air 



1 the solid 
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For the solid lubricant coatings that showed good lubrication characteristics over a wide range 
of temperatures, the existence configuration of the solid lubricants in the coatings was confirmed by 
means of high temperature X-ray diffraction. 

3, EXPERIMENTAL RESULTS AND CONSmERATIONS 

3.1. Cage material evaluation test results 

Figure 1 shows the changes with the passage of time of the vibrations and Table 1 shows the 
coefficients of friction of the lubricant coatings. Figure 1 and Table 1 show (1) the case of the blend 
ratio of the solid lubricant components (CaFj + BaF2, Cr^Oj) fixed at 50:50 (mass %) with a solid 
lubricant coating (test pieces No. 1, 2, 3, and 4) in which the mix ratio of solid lubricant and binder 
is changed, and (2) the case of the mix ratio of the solid lubricant and the binder fixed at 20:80 (vol 
%) with a solid lubricant coating (test pieces No. 2, 5, and 6) in which the blend ratio of the solid 
lubricant components changes. 

Concerning (1), in test piece No. 2 of Fig. 1(b), the coefficient of firiction decreased during the 
breaking-in and, from the stan of the actual test, became stable over time at a value of about 0.2. 
Vibration became stable over time at a value of about 1.5 m/s' from the start of the actual test. 
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Cage material evaluation test result. 
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In contrast to this, in test piece No. 1 of Fig. 1(a). the coefficient of friction did not decrease at 
during the bre^g-in, decreased after the start of the actual test to about 0.25, and showed a tendency 
to increase steadily after that. Vibration immediately after the start of the actual test increased to 7.5 
m/s^ but subsequently it steadily decreased and stabilized at a value of about 1.5 m/s^ 

As for test piece No. 3 of Fig. 1(c). the coefficient of friction decreased at the time of breaking- 
m, but after the start of the actual test steadUy increased and stabilized at a high value of about 0.35. 
Vibration became high after the start of the actual test, but immediately decreased and stabilized at a 
value of about 1 m/s'. 

As for test piece No. 4 of Fig. 1(d), the coefficient of friction continued to gradually increase 
from die time of breaking-in and stabilized at a high value of about 0.42 after the start of the actual 
test. Vibration became high after the start of the acnial test but immediately decreased and stabilized 
at a value of about 1 m/s^ Furthermore, concerning test pieces No. 3 and 4, at the point when the 
coefficient of friction exceeded 0.4, the test aborted. 

From the above, for (1). it became clear that the solid lubricant coating of test piece No. 2 
showed superior lubrication characteristics. 

Next, concerning (2), for test piece No. 5 of Fig. 1(e), the coefficient of friction decreased at the 
time of breaking-in, but did not stabilize, became high again after the start of the actual test, and 
finally stabilized at a value of about 0.2. Vibration after the start of the actual test increased to 6.5 
m/s^ but immediately decreased and stabilized at a value of about 1.5 m/s^. 

For test piece No. 6 of Fig. 1(f). the coefficient of friction decreased at the time of breaking-in. 
but after the start of the actual test gradually increased and stabilized at about 0.25. Vibration after the 
start of the acnial test increased to 7.2 mls\ but immediately decreased and stabilized at about 1.8 
m/s^. 

Also from the above, for (2), it became clear that the solid lubricant coating of test piece No. 2 
showed superior lubrication characteristics. 

From this it became clear, for the mix ratio of solid lubricant and binder, that m the case of a mix 
ratio of 20:80 (vol %) both the coefficient of friction and the vibration stabilized at low levels, and for 
the blend ratio of the solid lubricant components, both the coefficient of friction and vibration 
stabilized at low levels in the case of a blend ratio of 50:50 (mass %). 




CaF2+BaF2 : CrzOa. mass % 
Fig. 2 

Compilation of cage material evaluation test results. 
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3.2. Cage material evaluation test result considerations 

Figure 2 shows a compilation of the results of the measurements of the wear of the rolling contact 
parts of the lower parts of the test pieces that correspond to the respective solid lubricant coatings and 
the average values of the coefficients of friction and vibration of the solid lubricant coatings shown in 
Table 1. The amount of abrasion is the depth of the abrasion of the central part of the rolling contact 
part. Furthermore, the abrasion wear of test pieces No. 3 and 4 of Fig. 2 is the value of a 30 minute 



lest. ' 
analy . 
test p 

roUin 
the bt 
ratio 



Rolling contact part 
4« — 



Rotling contaa pan 



Rolling contact part 




Ba 



(a) Test piece No. 1 
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Fig. 3 
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lest. The abrasion wear of the other test pieces are for 60 minute tests. Figure 3 shows the results of 
analysis by means of the SEM images and EPMA of the rolling contact pans of the lower pan of the 
test pieces that correspond to the solid lubricant coatings of Table 1 . 

According to Fig. 2, it can be seen that the coefficient of friction and vibration that occurs in the 
rolling contact ponion of the upper pan of the test piece and the lower portion of the test piece show 
the best results when the blend ratio of the solid lubricant components is 50:50 (mass %) and the mix 
ratio of the solid lubricant and the binder is 20:80 (vol %). 

The possible reason for this, according to Fig. 3. is that in the lower pan of the test pieces that 
correspond to the respective solid lubricant coatings, a transfer film was perceived on the rolling 
contact pan of the lower pan of the test pieces that corresponded to test pieces No. 2 and No. 5 with 
a 20:80 (vol %) mix ratio of lubricant and binder, and that much solid lubricant existed in the transfer 
film of test piece No. 2 with a 50:50 (mass %) blend ratio of solid lubricant components and, 
moreover, that it was evenly distributed. 

Next, the amount of abrasion is considered from Figs. 2 and 3. When it is considered that the 
test times of test pieces No. 3 and 4 were 30 minutes, in the case in which the mix ratio of solid 
lubricant and binder was changed, a tendency for the amount of abrasion to increase was perceived 
following an increase in the percentage of solid lubricant in the mix. Furthermore, in the case in which 
the blend ratio of the solid lubricant components was changed, a tendency was perceived towards a 
reduction of the abrasion amount and for transfer film to be left on the rolling contact part following 
an increase in the percentage of CrjO, in the blend. 

The possible reason for this is that following an increase in the percentage of solid lubricant in 
the mix inside the coating, the coating becomes brittle and easily abraded, and even if there is transfer, 
in a short time the lubrication film is consumed and the amount of abrasion of the lower part of the test 
piece becomes larger. On the other hand, for the blend ratio of solid lubricant components, it was 
thought that since the coating becomes easy to transfer following an increase of Cr.Oj in the solid 
lubricant components, and the residue of transfer film on the rolling contact part of the lower part of 
the test piece becomes greater with the increase of Cr.Oj. the amount of abrasion decreased due to the 
lubrication of the transfer film. Furthermore, on the upper part of the test pieces that corresponds to 
all of the test pieces, a transfer film exists and abrasion was not perceived. 

3.3. High temperature reciprocating friction abrasion test results and considerations 

Figure 4 shows the changes of the coefficient of friction with respect to the temperature of the 
respective solid lubricant coatings. They are shown (1) in the case oflubricant coatings (test pieces No. 
1. 2. 3, and 4) that fix the blend ratio of the solid lubricant components at 50:50 (mass %) and change 
the mix ratio of the lubricant and binder, and (2) in the case oflubricant coatings (test pieces No. 2, 
5. and 6) that fix the mix ratio of the lubricant and binder at 20:80 (vol %) and change the blend ratio 
of the lubricant components. Figure 5 shows the consolidated results of measurements of the amounts 
of wear after the tests of the respective solid lubricant coatings. The amount of abrasion is indicated 
by the average value of die abrasion depth of the center and both ends of the abrasion mark. 

From Fig. 4. for (1), in test pieces No. 2. 3, and 4 of Fig. 4(b).(c),(d), die coefficient of friction 
decreased in the temperamre range of 700**C to 800*'C when die temperamre was rising and from 
800*'C to 400''C when die temperature was failing, but in test piece No. I of Fig. 4(a), the coefficierit 
of friction did not decrease when die temperamre was rising or falling. A possible reason for diis is 
diat in die coatings of test pieces No. 2, 3, and 4 diere was a sufficient amount of die necessary solid 
lubricant, but in die coating of test piece No. 1 die amount of solid lubricant was too little. 

Concerning (2), in test pieces No. 5 and 6 of Fig. 4 (e),(f). die coefficient of friction decreased 
only in die temperature range of TOO^'C to SOO^C when die temperamre was falling. 
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Fig. 4 

Results of high temperanire reciprocating friction abrasion tests. 



From the above results it became clear that in the case of a mix percentage of 20 vol % or more 
of solid lubricant, solid lubricant exists in the coating, and a decrease in the coefficient of friction with 
respect to the temperamre can be perceived; ftirthermore, in the case of a blend ratio of 50:50 (mass 
%) of solid lubricant components, the temperature range that decreases the coefficient of friction is 
the widest. 

From Fig. 5 it became clear that the amount of abrasion of the coating increased after increases 
in the percentage of solid lubricant in the solid lubricant coating mix, and furthermore, after increases 
in the percentage of the blend of Cr.Oj in the components of the solid lubricant. 

Next, in order to clarify the relationship between the temperamre range that decreases the 
coefficient of friction and the temperamre that forms the substance (BaCrO*) that can be regarded as 
conducive to lubrication in the coating (for the solid lubricant coating diat was not submitted to the 
high temperamre reciprocating friction abrasion test formed at the same time as test piece No. 2), the 
existing configuration of the solid lubricant in the coating with respect to temperamre was analyzed 
by means of high temperamre X-ray diffraction from room temperature to QTO^'C at 100° interval's. In 
Fig. 6, the analysis results at 700**C or more (970*'C) are shown. 
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Amount of abrasion of the solid lubricant coating after the 
high temperature reciprocating friction abrasion test. 
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High temperature X-ray diffraction results that confirm 
the formation of BaCrO* at 700**C and above. 
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From the results of the analysis it is clear thai from room temperature to 600**C no panicular 
change was perceived in the existing configuration of the solid lubricant in the coating, but at 700*'C 
and above. BaCrOi. which had not existed in the coating until then, was formed. Thusli became clear 
that a correlation exists between the formation of BaCr04 in the coating and the test results that showed 
that the coefficient of friction decreases from TOO^'C when the temperature is rising and to 400 when 
the temperature is falling, and, as mentioned in the previous repon, due to the coexistence with CaF, 
excellent friction characteristics are shown. Funhermore, the reason the coefficient of friction 
increased at 300 and below has been mentioned in the previous repon. 

4. CONCLUSION 

n 

In solid lubricant coatings formed by means of the reduced pressure plasma fiame coatins 
method, for the cases in which the mix ratio of the solid lubricant and the binder and the blend ratio 
of the solid lubricant components changed, the following became clear as a result of evaluatina their 
friction characteristics, abrasion characteristics, and transfer characteristics. 

(1) In the results of the cage material evaluation tests, it was seen that a solid lubricant coating 
with a 50:50 (mass %) blend ratio of solid lubricant components and a 20:80 (vol %) mix ratio of solid 
lubricant and binder showed best friction characteristics, abrasion characteristics, and transfer 
characteristics as a solid lubricant for ceramic rolling bearing use. 

(2) As a result of observations with a scanning electron microscope and analysis by means of an 
X-ray microanalyzer. for the case of a solid lubricant coating with a 20:80 (vol %) mix ratio of solid 
lubricant and binder and a50:50 (mass %) blend ratio of solid lubricant components, it became clear 
that the amount of solid lubricant existing in the transfer film of the rolling comact pan of the lower 
part of the test pieces increased, and also the solid lubricant was uniformly distributed. 

(3) In the high temperature reciprocating friction abrasion tests, it was seen that in solid lubricant 
coatings with a blend percentage of solid lubricants of 20 vol % or more, the coefficient of friction 
decreased over a wide temperature range and also in the case in which a blend ratio of solid lubricant 
components was 50:50 (mass %), the coefficiem of friction showed the lowest, stable value; 
furthermore, the' coating became easier to abrade following increases in the percentage of solid 
lubncant in the solid lubricant coating blend and in the percentage of Cx.O^ in the solid lubricant 
component mix. 

• (4) The results of high temperamre X-ray diffraction made clear that at a temperature of 700°C. 
or above, BaCr04 is formed in the solid lubricant coating, that a correlation exists between the 
lowering of the coefficiem of friction and the formation of BaCrO^ in the coating, and that excellent 
friction characteristics are shown due to coexistence with CaF.. 
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Table 1 Comparison of NASA and Japanese Coatings 
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> J* 
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Coating 


Binder (vol %) 


Hardener (vol %) 


Lubricants (vol %) 




Claimed Invention^ 


NiCr(50) 


CrA(27) 


Ag(6)+BaF2/CaF2(17r 


CBCrA^ 

1 


NiCoCrAlY(80%) 


Cr203(7%) 


Ag(3)+BaF2(6)+CaF2(4) 



a - For example, original specification Table 2 
b- Toyota Parti, p. 1279, Table] 
c-Prefiised fluoride eutectic 

Table 2 Useful Operating Temperature Range 



Coating 


Lower Limit 


Upper Limit 


Comments 


Claimedlnvention'' 


-200°C 


850°C 


No degradation following repeated 
thermal cycles 


CBCrA^ 


25°C 


600°C 


Thermal cycling above 500°C causes 
irreversible chemical reactions degrading 
tribological performance (high friction 
and wear below 300°C) 



d - For example, original specification Table 3 . 
e - Toyota Part 1, p. 1283, para. 3 and p. 1285, para. 1 
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I . INTRODUCTION 



Aiming at the practical use of rolling ceramic bearing in a 
high-temperature atmosphere of above 500°C, we reported results 
of evaluations and studies on the lubricating properties 
(frictional property, wear property and transfer property) of 
various solid lubricant films formed by reduced pressure plasma 
spray method in a previous paper^. 

The authors attempted to develop a more excellent solid 
lubricant by changing the mixing ratio of solid lubricant to 
binder and the compounding ratio of solid lubricant components of 
a CaF2+ BaFs + Cr203 solid lubricant films which exhibited 
excellent lubricating properties in the previous paper. 

In this paper, we will describe results of evaluating the 
frictional property, wear property and transfer property of trial 
solid lubricant films by a cage material evaluation testing 
machine which simulates the contact state of rolling bearing. We 
will also report results of evaluating the frictional property in 
a tempera- / 147 
ture range from room temperature to 900°C by a high-temperature 
reciprocating friction wear testing machine. 

II. EXPERIMENTAL METHODS 

2.1 Method for forming solid lubricant films 
The composition of solid lubricant films supplied for tests 
is shown in Table 1. Three kinds of powder of CaFs, BaF2 and Cr203 
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were used as the solid lubricant. A parent material of specimens 
for forming the solid lubricant films was similarly made from a 
Ni-Cr alloy (Inconel'' 713C) as in the previous paper, and the 
shape of specimens was taken as 70Lxl7Wxl4H (mm) . Moreover, a Ni- 
base alloy (Ni-23.2, Co-17.0, Cr-12.5, A1-0.5Y) powder was used 
as the binder only in the solid lubricant because it does not 
adhere to the specimens . 

The solid lubricant films were formed by the same method as 
in the previous paper. 



Table 1 

Composition of Solid Lubricant Films 



Specimen No. 


Compounding Ratio of 


Mixing Ratio of 




Solid Lubricant Components 


Solid Lubricant to Binder 




mass% 


vol% 




CaFj+BaFz : CfzOj 


Solid Lubricant : Binder 


1 


50 : 50 


10 : 90 


2 


50 : 50 


20 : 80 


3 


50 : 50 


30 : 70 


4 


50 : 50 


40 : 60 


5 


40 : 60 


20 : 80 


6 


60 : 40 


20 : 80 



Binder : Ni-23 Co-17 Cr-12.5 Al-0.5 Y 



2.2 Cage material evaluation tests, observation and 
analysis 

The frictional property, wear property and transfer property 
of solid lubricant films in their application to rolling bearing 
were evaluated under test conditions shown in Table 2 by a cage 
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material evaluation testing machine in the previous paper. 

To clarify reasons for differences in frictional property, 
wear property and transfer property of solid lubricant films pro- 
vided for the cage material evaluation tests, the rolling contact 
part of lower specimens after the cage material evaluation tests 
was observed and analyzed by scanning electron microscope (SEM) 
and X-ray microanalyzer (EPMA) . 



Table 2 

Conditions for Cage Material Evaluation Tests 



Item 


Content 


Rotational speed 


1,000 rpm 

(sliding velocity of cage material specimen and 
rolling element = 2.2m/s) 


Set temperature 


800°C 

temperature of atmosphere in oven 


Load 


cage material specimen-rolling element : 4.9 N 
rolling element-track roller : 200 N 


Atmosphere 


Atmospheric air 



2.3 High- temperature reciprocating friction wear tests and 
analysis 

The frictional property of solid lubricating films in a wide 
temperature range (room temperature- 900°C) was evaluated by a 
high- temperature reciprocating friction wear testing machine in 
the previous paper. 

The tests were made under the same conditions as in the pre- 
vious paper, and the friction coefficient was measured at 
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temperatures (lOO^C interval) during raising or lowering 
temperature after the friction coefficient was stabilized. 

The existence form of solid lubricant films exhibiting a 
good lubricating properties in a wide temperature range was 
confirmed by high- temperature X-ray diffraction. 

3. EXPERIMENTAL RESULTS AND EXAMINATION 

3.1 Results of cage material evaluation tests 
Fig. 1 is time-elapsed changes of friction coefficient and 
vibration of solid lubricant films shown in Table 1. They show 
(1) cases of solid lubricant films (specimen Nos . 1, 2, 3, 4) 
whose compounding ratio of solid lubricant components (CaF2+BaF2, 
CrsOg) to binder is taken as constant at 50:50 (mass%) and mixing 
ratio of solid lubricant to binder is changed, and (2) cases of 
solid lubricant films (specimen Nos. 2, 5, 6) whose mixing ratio 
of solid lubricant (CaF2+BaF2, Cr203) to binder is taken as 
constant at 20:80 (vol%) and mixing ratio of solid lubricant to 
binder is changed. 

In regard to (1), with specimen No. 2 of Fig. 1(b), the 
friction coefficient decreased in the run-in operation and then 
stabilized with time at a value of ca. 0.2 from the beginning of 
this test. The vibration stabilized with time at a value of ca. 
1.5 m/s^ from the beginning of this test. 

With specimen No. 1 of Fig. 1(a), by contrast, the friction 
coefficient did not decrease in the run-in operation, decreased 
after the beginning of this test and became a value of ca. 0.25, 
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then tended to increase slowly. The vibration increased to 7.5 
m/s^ immediately after the beginning of this test, then slowly 
decreased and stabilized at a value of ca. 1.5 m/s^. 

With specimen No. 3 of Fig. 1(c), the friction coefficient 

/ 149 

decreased in the run-in operation, slowly increased after the 
beginning of this test and stabilized at a high value of ca. 
0.35. The vibration increased after the beginning of this test, 
but decreased right away and then stabilized at a value of ca. 1 
m/s^ . 

With specimen No. 4 of Fig. 1(d), the friction coefficient 
continued to increase slowly from the run-in operation, and 
stabilized at a high value of ca. 0.42 after the beginning of 
this test. The vibration increased after the beginning of this 
test, but decreased right away and then stabilized at a value of 
ca. 1 m/s^. Moreover, the test was discontinued at the point when 
the friction coefficients of specimens No. 3 and No. 4 were more 
than 0.4. 

From the above, it became clear that the solid lubricant 
film of specimen No. 2 exhibited the most excellent lubricating 
property. 

Next, in regard to (2), with specimen No. 5 of Fig. 1(e), 
the friction coefficient decreased in the run-in operation but 
did not stabilize, then increased again after the beginning of 
this test, and finally stabilized at a value of ca. 0.2. The 
vibration increased to 6.5 m/s^, but decreased right away and 



stabilized at a value of ca. 1.5 m/s^. 

With specimen No. 6 of Fig. 1(f), the friction coefficient 
decreased in the run-in operation, but slowly increased after the 
beginning of this test and stabilized at a value of ca. 0.25. The 
vibration increased to 7.2 m/s^, but decreased right away and 
stabilized at ca. 1.8 m/s^. 

From the above, it was clarified that the solid lubricant 
film of specimen No. 2 in (2) also exhibited the most excellent 
lubricating property. 

Accordingly, it became clear that both the friction coeffi- 
cient and vibration were low and stabilized when the mixing ratio 
of solid lubricant to binder was made to 20:80 (vol%) , and both 
the friction coefficient and vibration were low and stabilized 
when the compounding ratio of solid lubricant components was made 
to 50 : 50 (mass%) . 
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Figs. 1 Results of Cage Material Evaluation Tests 
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(a) Specimen No. 1 
solid lubricant : binder = 10:90 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 (mass%) 
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(b) Specimen No. 2 
solid lubricant : binder = 20:80 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 (mass%) 





• friction coefficient 




o vibration 


Friction coefficient, fi 






Vibration, m/s^ 



run-in Rotational time, min 

operation 
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(c) Specimen No. 3 
solid lubricant : binder = 30:70 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 (mass%) 





• friction coefficient 




o vibration 


Friction coefficient , /x 






Vibrat ion , m/ 



run-in Rotational time, min 

operation 

(d) Specimen No, 4 
solid lubricant : binder = 40:60 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 (mass%) 





• friction coefficient 




o vibration 


Friction coefficient , jx 






Vibration, m/s^ 



run-in Rotational time, min 

operation 

(e) Specimen No. 5 
solid lubricant : binder = 20:80 (vol%) 
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CaFa+BaFj 


: Cr203 = 40:60 {mass%) 




• friction coefficient 




o vibration 


Friction coefficient, /x 
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(f) Specimen No. 6 
solid lubricant : binder = 20:80 (vol%) 
CaF2+BaF2 : CrsOa = 60:40 (mass%) 
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3.2 Examination on results of cage material evaluation 

tests 

The average values of the friction coefficient and vibration 
of solid lubricant films shown in Table 1 and measuring results 
of abrasion loss in the rolling contact part of lower specimens 
corresponding to respective solid lubricant films are summarized 
and shown in Fig. 2. The abrasion loss is the wearing depth in 
the center of rolling contact part. Moreover, the abrasion loss 
of specimens No. 3 and No. 4 of Fig. 2 is values at the testing 
time of 30 min, and the abrasion loss of other specimens is 
values at the testing time of 60 min. Fig. 3 is analytical 
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results based on SEM images and EPMA of rolling contact part of 
lower specimens corresponding to solid lubricant films of Table 
1. 
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Fig. 2 Summary of cage material evaluation test results 




(1) friction coefficient vibration abrasion loss 

(2) friction coefficient, /x 

(3) solid lubricant : binder, vol% 

From Fig. 2, it is known that the friction coefficient of 
solid lubricant films and the vibration generated in the rolling 
contact part of upper specimen and lower specimen gives the best 
results when the mixing ratio of solid lubricant to binder is- 
20:80. (vol%) and the compounding ratio of solid lubricant 
components is 50:50 (mass%) . 

As a reason for it, it is considered from Fig. 3 that a 
transfer film is found in the rolling contact part of lower 
specimens corresponding to specimens No. 2 and No. 5 whose mixing 
ratio of solid lubricant to binder is 20:80 (vol%) , and that 
considerable solid lubricant exists and uniformly distributes in 
the transfer film of specimen No. 2 whose compounding ratio of 
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solid lubricant components is 50:50 (mass%) . 

Next, the abrasion loss is examined from Fig. 2 and Fig. 3. 
If it is considered that the testing time of specimens No. 3 and 
No. 4 is 30 min, such a tendency that the abrasion increases with 
increasing the mixing ratio of solid lubricants is found in the 
case of changing the mixing ratio of solid lubricant to binder. 
Moreover, such tendencies that the abrasion decreases with 
increasing the compounding ratio of CrsOj and a transfer film 
remains in the rolling contact part are found in the case of 
changing the compounding ratio of solid lubricant components. 

As a reason for it, it was considered that the films became 
brittle and was easy to wear with increasing the mixing ratio of 
solid lubricant in the films, the lubricating film was attrited 
in a short time even if it transferred, thus the abrasion of 
lower specimens increased. On the other hand, it was considered 
that the transfer film became easy to transfer with the increase 
of Cr203 in the solid lubricant components with regard to the 
compounding ratio of solid lubricant components, therefore the 
remainder of transfer film in the rolling contact part of lower 
specimens increased, and the abrasion loss due to the lubrication 
of transfer film decreased. Moreover, the transfer film existed 
in the upper specimens corresponding to all specimens, thus the 
abrasion was not found, 
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Figs. 3 SEM observation results and component analytical results 
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rolling contact part 



Property x line intensity 



(a) specimen No. 1 
solid lubricant : binder = 10:90 (vol%) 



CaF2+BaF2 



Cr203 = 50:50 



(mass%) 



rolling contact part 



Property x line intensity 



(b) specimen No. 2 
solid lubricant : binder = 20:80 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 (mass%) 



rolling contact part 



Property x line intensity 



(c) specimen No. 3 
solid lubricant : binder = 30:70 (vol%) 
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CaF2+BaF2 : Cr203 = 50:50 {mass%) 
rolling contact part 

Property x line intensity 



(d) specimen No. 4 
solid lubricant : binder = 40:60 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 (mass%) 



rolling contact part 



Property x line intensity 



(e) specimen No. 5 
solid lubricant : binder = 20:80 (vol%) 
CaF2+BaF2 : Cr203 = 40:60 (mass%) 

rolling contact part 



Property x line intensity 



(f) specimen No. 6 
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solid lubricant : binder = 20:80 {vol%) 
CaF2+BaF2 : CrsOs = 60:40 (mass%) 

3.3 Results of High- temperature reciprocating friction wear 
tests and examination 

Fig. 4 is changes of friction coefficient of respective 
solid lubricant films against temperature. They show (1) cases of 
solid lubricant films (specimens No. 1, 2, 3 and 4) whose 
compounding ratio of solid lubricant components was taken as 
constant at 50:50 (mass%) and mixing ratio of solid lubricant to 
binder was changed, and (2) cases of solid lubricant films 
(specimens No. 2, 5 and 6) whose mixing ratio of solid lubricant 
to binder was taken as constant at 20:80 (vol%) and compounding 
ratio of solid lubricant components was changed. The measuring 
results of abrasion loss after testing respective solid lubricant 
films are summarized and shown in Fig. 5. The abrasion loss is 
shown by average values of the wearing depth at the both ends and 
in the central part of abrasion 
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Fig. 4 High- temperature reciprocating friction wear test results 
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Temperature, °C 

(a) specimen No. 1 
solid lubricant : binder = 10:90 (vol%) 



CaF2+BaF2 : Cr203 


= 50:50 (mass%) 


-o- raising 


temperature 


-•- lowering 


temperature 


Friction coefficient [i 





Temperature, °C 

(b) specimen No. 2 
solid lubricant : binder = 20:80 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 (mass%) 



-o- raising 


temperature 


-•- lowering 


temperature 


Friction coefficient jx 





Temperature, °C 



(c) specimen No. 3 
solid lubricant : binder = 30:70 (vol%) 
CaF2+BaF2 : Cr203 = 50:50 {mass%) 
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-o- raising temperature 
-•- lowering temperature 



Friction coefficient /x 



Temperature, °C 

(d) specimen No. 4 
solid lubricant : binder = 40:60 (vol%) 



CaF2+BaF2 : Cr203 


= 50:50 (mass%) 


-o- raising 


temperature 


-•- lowering 


temperature 


Friction coefficient /x 





Temperature , °C 

(e) specimen No. 5 
solid lubricant : binder = 20:80 (vol%) 
CaF2+BaF2 : CrsOa = 40:60 (mass%) 



18 



-o- raising temperature 
-•- lowering temperature 



Friction coefficient fi 



Temperature, °C 



(f) specimen No. 6 
solid lubricant : binder = 20:80 (vol%) 
CaF2+BaF2 : Cr203 = 60:40 (mass%) 




40:60 
-•70 

40:60 50:50 $0:40' ^ 



CaF2+88F2:Cri03, 01353% 



Fig. 5 Abrasion loss of solid lubricant films after high- 
temperature reciprocating friction wear tests 

(1) abrasion loss, ^ 

(2) solid lubricant : binder, vol% 



From Fig. 4, the friction coefficient decreased in the 
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temperature range of 700-800°C during raising temperature and in 
the temperature range of 800-4 00°C during lowering temperature 
with specimens No. 2, 3 and 4 of Fig. 4 (b) , (c) and (d) of (1) , 
but the friction coefficient did not decrease during raising or 
lowering temperature with specimen No. 1 of Fig. 4 (a) . As a 
reason for it, it was considered that the solid lubricant 
necessary for the lubrication fully exists in the films of 
specimens No. 2, 3 and 4, but only a small quantity of solid 
lubricant was in the film of specimen No, 1. 

With specimens No. 5 and No. 6 of Fig. 4 (e) and (f ) , the 
friction coefficient decreased only in the temperature range of 
700-500°C during lowering temperature. 

From the above results, it became clear that the solid 
lubricant existed in the films and the decrease of friction 
coefficient against temperature were found when the mixing ratio 
of solid lubricant was made to 2 0 vol% or above, and that the 
temperature range where the friction coefficient decreased was 
the widest when the compounding ratio of solid lubricant 
components was made to 50:50 (mass%) . 

From Fig. 5, it became clear that the abrasion loss of films 
increases with increasing the mixing ratio of solid lubricant in 
the solid lubricant films and increasing the compounding ratio 
of Cr203 in the solid lubricant components. 

Next, in order to clarify the relationship between the tem- 
perature range where the friction coefficient decreased and the 
temperature at which a substance (BaCr04) considered to 
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contribute to the lubrication was formed in the films, the 
existence form of solid lubricant in the films against 
temperature was analyzed every lOO^C from room temperature to 
970°C by high- temperature X-ray diffraction with regard to the 
solid lubricant films which was formed simultaneously with 
specimen No. 2 and was not supplied to the high-temperature 
reciprocating friction wear tests. The analytic results above 
700°C (970°C) are shown in Fig. 6, 

Fig. 6 High- temperature X-ray diffraction results for 
confirming the formation of BaCr04 above 700°C 



Intensity, cps 



(a) diffraction pattern 

agreement with BaCr04 peak 

• - BaCr04 peak 

(b) Check result of observed peak and BaCr04 peak 

From the analytical results, it became clear that changes in 
the existence form of solid lubricant in the film were not speci- 
ally found in the temperature range from room temperature to 
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600°C, but BaCr04 non-existent in the film up to that time was 
formed above 700°C. Thus, it became clear that a relationship 
between the test results of decrease in friction coefficient and 
the formation of BaCr04 exists in the temperature range from 
700°C during raising temperature and up to 400°C during lowering 
temperature, and an excellent frictional property is exhibited by 
the coexistence of CaFj as described in the previous paper. 
Moreover, the reason why the friction coefficient increased was 
already described in the previous paper. 

IV . SUMMARY 

The frictional property, abrasion property and transfer pro- 
perty of solid lubricant formed by reduced pressure plasma spray 
method in its films were evaluated when the mixing ratio of solid 
lubricant to binder and the compounding ratio of solid lubricant 
components were changed, consequently the followings became 
clear . 

(1) By the results of cage material evaluation tests, it 
was known that a solid lubricant film whose mixing ratio of solid 
lubricant to binder is 20:80 (vol%) and the compounding ratio of 
solid lubricant components is 50:50 (mass%) exhibits the most 
excellent frictional property, abrasion property and transfer 
property of as a solid lubricant for rolling ceramic bearing. 

(2) By the results based on SEM observation and EPMA analy- 
sis, it became clear that a considerable quantity of solid lubri- 



cant exists and uniformly distributes in the transfer film of 
roll-ing contact part of lower specimen in the case of solid 
lubricant film whose mixing ratio of solid lubricant to binder is 
20:80 (vol%) and the compounding ratio of solid lubricant 
components is 50:50 {mass%) . 

(3) By the results of high- temperature reciprocating 
friction wear tests, it was known that the friction coefficient 
decreases in / 153 
a wide temperature range in the solid lubricant films whose 
mixing ratio of solid lubricant to binder is 20 vol% or above and 
the friction coefficient shows the lowest stabilized value when 
the compounding ratio of solid lubricant components is made to 
50:50 (mass%) , and that the films become easy to wear with 
increasing the mixing ratio of solid lubricant in the solid 
lubricant films and the compounding ratio of Cr203 in the solid 
lubricant components . 

(4) By the results of high-temperature X-ray diffraction, 
it became clear that BaCr04 is formed in the solid lubricant 
films at a temperature of above 700°C, a correlation between the 
decrease of friction coefficient in the solid lubricant films and 
the formation of BaCr04 in the films exists and an excellent 
frictional property is exhibited by the coexistence of CaF2. 
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m 3 SEM n^f^^is X EPMA J: ^^^mi^^ 



mm&^<^m^n^i 50 : 50 (mass%) r-^ 

fzmwmmm^m (asjn-No. i, 2, 3, 4) <7) 

20 : 80 (vol%) 5£t L, HitirHrt^ii^^S^o 
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(b) Ktt>*-No. 2 
mW^if^M : ''f^f > >^=20 : 80 (vol %) 
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(c) |i(|k>t- No. 3 
: > :r=30 : 70 (vol %) 
CaF,-f BaF, : CrzO,=:50 : 50 (mass%) 
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( f ) tOt^t- No. 6 
ia»iH«VM ; '<-( > ?-=20 : 80 (vol %) 
CaF,+BaF, : Cr,O,=60 : «t (massX) 




tO:S0 ^ ^ 
'40:6050:50 60:40 ^ 
CaFj+BaF2 : CrzOs, mass % 



124 J: 0, (Df'ov^Tti. 04(b). (c). 
(d)cOsi^KM-No. 2. 3. 4T-. # 1^ fiO 700 1C 

*^ 800 "c, ail/, msL^<o m t 4oo 

1C <7)jafg|EH-C'*S«»A*®TL/c** 13 4 
( a ) cOiSK^t No. 1 t-U. i t^»a)^ t 

EtS^>^rNo. 2, 3, A<r>^^\z\immz.Sm-^x^ 

^mmmi}<-\-'5^^^ L /i*^ wMi^r No. 1 (7).aug 

©{cov^TIi, 12 4(e). {f)«OlS»>tNo. 5 
t No. 6 T-Ji, l^fSi^iO 700 TC A- <i 500 t <Ojg. 

vol %ti±tc L ^w^-g-. teag* »c @«:jE3rtS«76*i? 
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m 41 « <b 2 -f (19%) 



50 (mass%) izlfz^^, m^M^i&yth 

^-^LT«'-St^x^>n5'fee (BaCrO,) 

100 -C r tlZ'^mt fz. SI 6 tz li. 700 -c W± 
(970 'O ■C-(7)^^it§*?r^'t". 

^tfr<oife**' 'i. ^'S*' 600 'c t T-coiaa 

'fbliig^^.n^i'^*'. 700*0 W±»cijv^'C'f-ixS 
T-ISK+J:: L ir*' ^ BaCrO^ ? it 

700*0 *'A>l^)g.B*'!0 400*C tX'CO&^l&mi-ii 

BaCrO,<7)Ji^d(;wrai3ffli914**^«t, lU^T-jJi 
-^fi J: 9 CaF, t <n^^\z J: 9 %iXlil^W^^ 
imtZttmht't^^^'f^. ^f-fc. 300 'CWT 



Wi'C-TS.^fz. 
Si t » 

B<*?ar&ffJt^M v:?'t<^?S'S-S'J 

(1) ^mmmsimk<ni^^X'ii, m^mmi 

t''<^>^t eOTS-^iH-g-** 20 : 80 (vol %). 1 
i*:iHrfr?f<J^^<OSil^SlJ-^** 50 : 50 (mass %) O 

t^<^ >ft <r>m^^^** 20 : 80 (vol %), H 
fltvPa^t^J^^S-eoE-^ta-a-*^ 50 : 50 (mass %) <7) 

iHrt»|toift'^«i]'^*^ 20 vol % &.±.(r)mm^i^M 




eo.o 



BaCrO.tf-i' 




( b ) «S h'- :^ i BaCr04 t*- ^ 
16 700 "C l^J.±T BaCrO* O^fil^A^fiillS? il/i^iaX^ftll!^^:^ 
— 44 — 
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50; 50 (mass%) izL^m-^i^' 

(4) WS^Xf^miffcOl^W:, 700 t W±<7)rSg£-C. 
®'*}H?f^fiJilfLM'*'{- BaCr04 A<nm^nhZ t. 



BaCrO^ coJg*<75ra{cfflB81t**ff«L. CaF, t 
X IK 

h7'f.-Koi;xK 40, 12 (1995) 1037. 



